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I. INTRODUCTION

Combustion processes normally involve many chemical species, related by
complex kinetics and often strongly influenced by molecular transport and
fluid flow. The difficult problem of combining the chemistry and transport is
commonly made tractable by idealizing the complex kinetic network as a single
overall or "global” reaction. Such a strategy 1is potentially useful when the
detailed chemical steps are unknown or when the difficulty of the flow problem
necessitates simplified chemistry. Relatively little work has been done,
however, to assess the fidelity with which a global reaction can represent the
net effects of the complex reaction network. This question is addressed here
for the particular case of premixed, laminar, one-dimensional, steady-state
flames.

Previous work in this vein was reported by Levy and Weinberg,1 who
obtained temperature profiles through very lean (and very slow) ethylene-air
flames by the ray deflection method. Using a form of the energy conservation
equation, they transformed the temperature profile into a profile of the
volumetric rate of heat release through the flame front. The authors
associated this net rate of heat release with that resulting from a
hypothetical global reaction. A flame speed was then calculated from the
"measured” reaction rate profile by means of the single-~reaction flame theory
of Spalding.2 Close agreement was noted between this calculated result and
the directly measured flame speed for a (rather narrow) range of
stoichiometries and initial temperatures. Such a finding gave encouragement
to the notion that the flame propagation formalism based on a single reaction
might indeed have some utility.

In a subsequent paper Levy and Weinberg3 probed the overall kinetics
concept directly. By examining the heat release rates at the same temperature
for a number of different flames, they determined that the effective reaction
orders {with respect to fuel and oxidizer concentrations) vary greatly through
the flame. Using the heat release profiles, they also found that the
effective activation energy typically increases with temperature through the
tlame front then decreases near the maximum temperature. The conclusion was
that no single reaction (of an Arrhenius form) could account for the thermal
structure of the flame. However, they did note that the values of apparent
activation energy and total order near the maximum heat release rate were

Iy, Llevy and E.J. Weinberg, "Optical Flame Structure Studies: Some

Conclusions Concerning the Propagation of Flat Flames," 7th Intem. Symp.
Combustion, pp. 296-303, 1959.

2p. 8. Spalding, "I. Predicting the Laminar Flame Speed in Gases with
Temperature-Explicit Reaction Rates,! Combustion and Flame, Vol. 1,
pp. 287-295, 1957. "II. One-Dimeneional Laminar Flame Theory for

Temperature-Explicit Reaction Rates,' Combustion and Flame, Vol. 1,

pp. 296-307, 1957.

3a. Levy and E.J. Weinberg, "Optical Flame Structure Studies: Examination of
Reaction Rate Lawe in Lean Ethyleme-Air Flames," Combustiom and Flame,
Vol. 3, pp. 229-253, 1959.
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close to those obtained at blowout in a stirred reactor experiment. This last
observation seemed to justify use of the overall reaction concept for those
phenomena strongly dependent on the maximum energy release rate.

Our objective in this paper is similar to that of Levy and Weinberg;
however, here we make use of a laminar flame model which includes multispecies
and multireaction chemical kinetics. This approach offers the advantage of
complete information about the system as well as access to a wide range of
flames and stoichiometries. The only potential drawback lies in our uncertain
knowledge of the many reaction steps and rates for some flames. Because our
aim is heuristic, this trait is not considered a serious limitation. Our
procedure is to solve the flame equations with the complex kinetics, obtain an
overall rate for the flame from the heat release profile, solve the flame
equations for this single reaction, and then make detailed comparisons between
the two solutions, This is done for a wide range of stoichiometries of
several tlames,

Our results suggest that a single reaction formalism does a credible job
ot representing the thermal structure (and even the reactant profiles) of
complex tlames, This conclusion is not as contradictory to the levy and
Weinberyg study’ as it may seem. Their conclusion was based on a rather
restrictive diagnosis of the heat release profile. A comparable analysis of
our results leads to similar findings, i.e., the activation energy varies
through the flame front. Our conclusion follows from the relative
insensitivity of thermal structure to the reaction rate details. This can
only be seen by actually solving the flame equations using an appropriate
overall reaction.

Westbrook and Dryer4 have developed a procedure for determining global
kinetics parameters from the experimental flammability limits and
stoichiometric flame speed at atmospheric conditions. A single-reaction flame
model using these parameters can be expected to predict reasonable flame
speeds over a wide range of equivalence ratios from very lean to very rich.
The procedure may prove useful to those applications in which flame speed is
ot decisive importance. However, an application of interest to us is
propellant combustion where two-phase flame holder effects give importance to
temperature gradients near the flame front. Calibration of the global
parameters by flame speeds alone does not guarantee accurate temperature
profiles, but both the flame speed and temperature profile can be computed
from an accurate heat release profile. The thrust of this paper is that one
can find a global reaction which mimics the original heat release profile
sutficiently well that accurate flame speeds and temperature profiles (at
least through the flame front) can be computed from the global description.
The significance of this conclusion is not necessarily diminished by the
finding that the optimum global kinetics values vary with stoichiometry. In

4

C.K. Westbrook and F.L. Dryer, "Simplified Reaction Mechanisms for the
oxidation of Hydrocarbon Fuels in Flames," Comb. Sei. Tech., Vol. 27,
pp. 31-43, 1961.
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application work, generality might be achieved simply by parameterizing the
kinetics values in tgrms of stoichiometry, pressure, etc., as suggested by
Dryer and Westbrook.

Our interest in the global reaction concept springs from two potential
application schemes. The first assumes that the detailed multireaction
kinetics are known, but so complex as to preclude their use in practical flow
problems. One might then determine the appropriate global parameters in a
manner similar to that used in this paper. The alternative scheme assumes
that little is known of gthe detailed kinetics of a flame. It is for this case
that Westbrook and Dryer” developed their method of predicting flame speeds
vs. equivalence ratio from only a few selected measurements. To realize the
thermal structure as well as the flame speed, more extensive measurements are
required to calibrate the global reaction. The procedure would involve
measuring temperature profiles in the subject flame using fine thermocouples
or laser Raman techniques andltgeg computing heat release profiles via the
eneryy conservation equation. '’ Determination of the global parameters
would then proceed as described in this paper. Prerequisite to either of
these two approaches is the assurance that global reactions can reproduce the
thermal structure of real flames with reasonable fidelity. This paper
provides both this assurance and a systematic procedure for determining
appropriate global reaction parameters from a heat release profile, which is
either calculated from known detailed kinetics or deduced from a measured
temperature profile.

II. DETAILED CHEMISTRY MODEL

In a previous paper,8 the equations describing a one-dimensional,
laminar, premixed, steady-state flame were derived for different
approximations to the multicomponent transport coefficients. We will use the
simplest approximation (Method V), which still gives accurate results, The
corresponding equations are the following,

Conservation of energy is expressed by

dT d dT
S p s (N — Yy -°% =
p ™ dx + dx \ dx ) Ri Mi hi 0 N

- C

.

Skl Pryer and C.K. Westbrook, NATO AGARD Conference Proceedinas No. “7b
pp. 14-1 to 14-17, 1979.

bR, Pricdman and & Rurke, "Measurement of Temperature Distribution in a low-
Prossure Flat Flame," J. Chem. Phys., Vol. 22, pp. 824-830, 1954.

‘J.A. Hicks, "The Low-Pressure Decomposition Flame of Ethyl Nitrate," 8th
Symposium (Intermational) on Combustion, The Combustion Institute, 1967,
pr. 487-496.

fr.p. Coffee md J.M. Heimerl, "Transport Algorithms for Premixed, Laminar
Steady-State Flames," Combustion and Flame, Vol. 43, pp. 273-289, 1981.
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where T is the temperature of the mixture, c_ 1s the specific heat of the

mixture, m, is the mass flux through the flage, A is the thermal conductivity

of the mixture, Ry 1is the rate at which species i is produced (or consumed) by

chemistry, M; is the molecular weight of species i and hl is the specific

enthalpy of species i. |

The specles continuity equations are given by

in d in
- - a4 1 = 5
mo dx + dx ( Dim dx )+ Ri Mi 0, (2)

where Y, is the mass fraction of species i, p is the density of the mixture,
and Dim is the diffusion coefficient of species i into the mixture. The
boundary conditions are

T=T and ¥, =Y, 1=1,2, o N (3)
dy
- - dr _ _ 1 _ -
at  x= and gl VP 1,2,...N (4)

In the above equations, the effects of radiation, viscosity, and body
forces are ignored. Since the burning velocity is small compared with the
local speed of sound, the pressure 1s taken to be constant. Besides these
standard assumptions, we have also assumed (see Ref. 8 for discussion) that
thermal diffusion 1s negligibly small, that Fick's law holds for the diffusion
velocities, and that the quantities p Dim’ pA, and c¢_ are constant. The
constants are chosen a priori. p

The equations above are for the steady state solution. The numerical
procedure actually uses the time dependent equations and a transformed space
coordinate. Starting with arbitrary profiles, th eguations are integrated in
time until the steady state solution is obtained. o1 The burning velocity,
S, of the flame is defined as the velocity of the flame relative to the fluid
at rest, f.e., at x = - *®, Since in our coordinate system the flame is at
rest, S = v(~=) = mo/pu,where Yy is the density of the unburned mixture.

The production rate functions, R;(T), are defined by

gR * ' N vt v,
R, = Ve TV ke T (CO7 dr =k O (cj) j,r) (5)
r=1 j=1 i=1

97.p. Coffee and J.M. Heimerl, "A Method for Computing the Flame Speed for a
Laminar, Premixed, One Dimensional Flame," BRL Technical Report, ARBRL-TR-
02212, January 1980 (AD 4082803).

10p,p, Coffee, "A Computer Code for the Solution of the Equations Governing a
Laminar, Premixed, One-Dimensional Flame," BRL Memorandumn Report, ARBRL-MR-
03165, April 1982 (AD A114041).
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where Vi,r and Gi,r are the number of molecules of specles 1 entering into
reaction r as product and reactant, respectlvely. NR is the number of
reactions, C. is the concentration of species j (pY.,/M.), and kep and ky - are
the forward and reverse rate coefficients, respectivél . The rate
coefficients depend on the temperature through the generalized Arrhenius
relations

B
fr
kfr = A T exp(- Efr/RT) (6)

and

Kk r

i

B
b
be Abr T exp ( - Ebr/RT)’ (7

where R is the gas constant, E is the activation energy and A is the frequency
factor for the reaction.
The net rate of heat release per unit volume is defined by
q=—ERiM.h. (8)

It is through this term (Eq. 1) that the chemical kinetics influences the
temperature profile,

IIL. ONE REACTION MODEL

We will now assume a single irreversible overall reaction of the form
fuel plus oxidizer goes to product, that is,

vFF+v00»va, (9

where v, v, and v are the stoichiometric coefficients. The governing Fgs.
(1) through (4) remain the same. Equation (5) can be simplified. We obtain

Y \Y

Ry = = vpk (€ ' (c) °, (10)
vF vo
R = - v, k(c)  (c) 7, (i
and
vF Vo
Rp = vp k (CF) (Co) . (12)

The heat release is then

vF v MV MWV
o o 0
q= My (c.) (c) [h, + h - h |. (13)
F Fk F o F MF“F o MFVF p
1)




We define

M. Vv M Vv
[ DAY PP
) = - h 4
Q hF+Ml~‘VF h, MVe P (14)

where Q is the heat of reaction per unit mass of tuel.

8

From the thermodynamics® the relation

. (T - =3 -
(p (Fb Tu) hi (Yiu Yib) (15)

can be obtained, where Ty is the temperature of the completely burned mixture
and the Y, are the mass fractions. Since there is only a single reaction,
however, any change in the fuel must be matched by a change in the oxidizer
and product; that is,

MV
;o =00 -
\ou Yob MV (Yﬁl YFh) (16)
F F
and
"p'p
Ypu - th = -~ Ny (Ypu - Ypb). (17)

Substituting into (15) and solving for Q,

Q = <, (Tb - Tu) / (YFU - YFb) . (18)

The reaction rate k is expressed as an unmodified Arrhenius rate

k = A exp (-E/RT). (19)

For convenience, the constants in Eq. (13) will be absorbed into a new
constant A, giving

v v

q=0Q® Y) F (Y) © A exp (-E/RT). (20)

Equation (20) indicates that, given a solution of the detailed chemistry
model (q), a set of constants Q, A, and E may be found for which the one
reaction model most closely follows the detailed model.

IV. DERIVING THE ONE REACTION MODEL PARAMETERS
In this section we derive expressions for the one reaction model such

that Eq. (20) can be used for finding the kinetic parameters, given a heat
release profile q from the detailed chemistry model.

14
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Equation (20) expresses q as a function of T, Yp, Y,

o and Yp, since

p
RaT (YF/MF + YO/MO + Yp/Mp).

However, it is inconsistent to use the values of Y, Yo and Y, from the
detalled chemistry model. 1In the detailed model, there are otRer species, so
that Y_ + YO + Y # 1. In the simplified model, by assumption there are no
other species,

Consequently, we make an additional assumption that all the Lewis numbers
are onej that is,

L = ___M_. = ) (22)

for fuel, oxidizer, and product. For all except the light species, this is a
good approximation. Egs. (1) and (2) can be written

d dT dT )
xR T ax T ARM = - a (23)
and
dy 4y
d A F F_
dx (cp dx ) - M dx - T ReMEoe (24)

The equation in terms of (-c_ T/Q) and Yp are formally identical. Also
matching boundary conditions, we obtain

Y.- Y

P Ypp 7 Cp (T = D/Q (25)

So given T, Y, can be computed, and also Y, and Y, since the stoichiometric
coefficients are known for the overall reaction, Eq. (9).

The heat release can now be viewed as a function only of T. Moreover,
the one reaction model simplifies to the single Eq. (23).

15
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The heat of reaction ( can be cgmputod from Eq. (14), since the
eathalpies are kunown quantities. "' Q may also be romputed from Eq. (18).
The adiabatic or burned temperature and the mixture specific heat ¢ can be
computed {rom thermodynamic considerations. Since the one reaction in the
simplitied model is assumed irreversible, Ypp can be computed knowing Yy and
Yo+ So all the quantities on the right side of Fq. (18) are known.

However, Eqs. (14) and (18) are inconsistent. This occurs because the
two models have ditferent adiabatic species concentrations. In particular,
some intermediates and radicals will still exist at the burned conditions.
Aud, since the reactions .are reversible, combustion may be jacomplete. In
order to preserve the proper adiabatic temperature, Eq. (18) will be used to
compute (),

What remains is to find “best tit” values of A and K in

\Y

. v
Al Y F oY) O exp (/KT (20)

There can be a difticulty here.  The expression on the ripght will be
monntonically increasing for positive A and E. For the cases considered, the
expression on the left normally reaches a peak somewhere past the q peak and
then decreases. We then only it the expression up to the peak. This means
the post flame repion will not be well resolved. However, this region
probably will not be well resolved by any one reaction model. The important
reactions in this repion are radical recombinations, and radicals are ipnored
bv the simplified model. The fit is mch using an absolute error criterion
with proper transformation of weights.,

In using the fitted values of A and E to solve Eq. (23), we must be
concerned with the cold boundary difficulty. That is, from Eq. (20), heat is
penerated at any temperature, including the temperature of the unburned
mixture T . Given enough time, the mixture will spontaneously combust., This
contradicts our idealization of an infinite unreacting columa of gas with the
f lame frout propagating through the mixture. In practice, we will numerically
integrate over a finite interval. As long as the heat release at T is small,
the heat generated before the gas encounters the flame front will be
negligible., This is true for most of the cases studied in this paper.
However, for a1 few cases the heat release is too large at Tu. and the cold
boundary conditions will be distorted.

e

Ve Stnl vl e Preophed, GANNAF Thermochenioa!l Tables, ad W10 5w

VHOS SO, e J97T.

Plol Gomton il o, MeRvl de, "omouter Peogeam Pov the Cal e bl of omner
Sremioql Spdd Libefm Compositions, Rooket Penforamec, Ineident and Rellecer
Shocks o pud Chapmo=douguet Detonat foney ! NASA=SP=078, 1971 (1078 program
oo,

T . : . . .

Ui e Tretanovic and Wl Simgleton, Intemat. I Chens Kinets, Vol. 9,
Ppe AR3L-488, 19770 Rodo Coctaneovie owd M. Siagloton, ZZUZQIZLLﬁ:-I{:,-?B:T:.
Kinete, Vole 8, pp. 1007=-1000, 1977,
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To avoid this, we utilize the concept of an ignition temperature.lé For
T < T, + 10 K, the heat release q is set to zero. For T > T 6 + 10 K, Eq. (20)
is used. That is, the gas cannot ignite until it reaches the ignition
temperature T+ 10. This circumvents the cold boundary difficulty, while
having little effect on the rest of the flame.

So far we have assumed that v_ and v, are known. It is also possible to
make a 3 parameter fit, where v fs a new parameter to be chosen and the
relation between Vv and v_ 1is determined by the overall stoichiometry. Then
the quantity v, + v _ 1is the overall order of the reaction. We will also
discuss this type 0? fit.

There are several difterences between the above procedure and that
recommended by Westbrook and Dryer,4 The primary distinction is that
Westbrook and Dryer fit flames speeds, while we fit the heat release.
Correctly fitting the thermal structure will lead to the proper flame speed;
the converse is not true. Also, the Westbrook and Dryer model leads to an
incorrect adiabatic temperature; since we are interested in the thermal
structure, our procedure has been developed so as to reproduce the proper
adiabatic temperature. Since we assume unit Lewis numbers, our global model
reduces to only the temperature equation, while the Westbrook and Dryer model
includes equations for the reactants and products. Also, in the Westbook and
Dryer model, a single set of parameters is selected which fit a range of
stoichiometries. As we shall see, our parameters will vary with
stoichiometry, reflecting the changes in thermal structure due to different
initial conditions.

V. FLAMES TO BE CONSIDERED

To increase the generality of our conclusions, we will consider three
different types of flames.

The simplest flame mechanism is that of an ozone decomposition flame.!®
There are three reactions, only two of which are important in the pre-flame
and flame region:

O, +M?* 0+0 + M
3 ¢ 2

>
0o+ 03 ? O2 + 02.

In the post flame region the radical recombination reaction

0+ 0+ M : O2 + 02.

becomes important.

4p.4. williams, Combustion Theory, Addison-Wesley, Reading, MA, 1966.

151, M. Heimerl and T.P. Coffee, "The Detailed Modeling of Premired, Laminar
Steady~-State Flames. I. Ozone," Combustion and Flame, Vol. 39, pp. 301-315,
1960.
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A more complicated case is hydrogen/air flames. The mechanism used is
due to Dixon-Lewis,l6 and consists of 8 species and 17 reversible reactions.

Last, we counslder methane/air flames. The mechanism usced is obtained
f rom Dixon—Lewis,17 and consists of 14 species and 34 reactions. The
hydrogen/air scheme is a subset of this mechanism. While the mechanism is
intended for lean and slightly rich flames, we will also use it for rich
flames in order to obtain our comparisons.

All flames are computed for atmospheric pressure. For the ozone flames,
the initial temperature of the gas is 300K. For the other flames, the initial
temperature is 298K.  The overall reactions for these mechanisms are taken to
be

0‘ 1.5 0,,

<

2 H +0 *2 )
2 2 HZ('

and L'H4 + 2 02 > C()2 + 2 HZU-

First, we consider the feasibility of the overall reaction fit. To do
this, consider taking the logarithm of Eq. (26); that is,

\Y \Y

i la/Q @Y T oY) O] = (A - E/RT, 27)

and graphing both sides as a function of |/T. The right side is the ecquation
of a straight line. The shape of the left side, where ¢ is the heat release
for the detailed chemistry model, gives a quick impression of the adequacy ot
a single Arrhenius type reaction.

Figure 1 gives these graphs for a 507 Ozone flame (oxygen diluent), a
rich Hg/alr flame (40% HZ)’ and a stoichiometric CHa/air flame (9.5 7% CHA).
The activation energies of the least square fits to q are, respectively, 7.9
kcal, 6.4 kcal, and 29.1 kcal.

All three graphs display a high activation energy (that is, a steep
slope) near the cold boundary. The Arrhenfus fits cannot resolve this,
necessitating the concept of an ignition temperature.

Next, there is a long region where the slope gradually increases. For
the 04 and Hoy flames, this increase is very gradual, and the Arrhenius fit is

16;, Dixon-Lewis, "Kinetic Mechanism Structure and Properties of Premirxed

Flames in Hydrogen-Oxygen-Nitrogen Mixtures," Proc. R. Soc. Lond. A4,
Vol. 292, pp. 45-99, 1979.
17, Dixon-Lewis, "Aspects of the Kinetic Modeling of Methane Oxidation in
Flames," First Specialists Meeting (Internatiomal) of the Combustion
Institute, Vol. 1, pp. 284-289, 1981.
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quite good over most of the temperature range. The (H, flame exhibits a more
complicated structure, but there is still a fairly large reglion near the peak
heat release where the Arrhenius fit is quite good.

Finally, there is a post-flame region, where the slope changes sign. An
Arrhenius fit cannot resolve this.

The results for the methane/air heat release profile agree qualitatively
with those of Levy and Weinberg for an ethylene/air flame, The activation
energy (or slope) increases with increasing temperature. Since our single
reaction parameters are generated by a least squares fit with an absolute
error criterion,13 the fit is most accurate in the regfon of maximum heat
release, which Levy and Weinberg found most influential to the burning rate.
It is of interest to learn how accurately these same parameters reproduce the
thermal structure as well.

VIi. TEMPERATURE AND SPECIES PROFILES

In this section we will compare the profiles generated by the detailed
chemistry model with those generated by the single reaction model. The same
three examples considered in the last section will be used.

Figures 2, 3, and 4 show the heat release and temperature profiles for
our three examples. The heat release profiles from the overall reaction are
reasonable., However, the CHA/air profile is especially inaccurate for the
early part of the flame, as expected from considering Figure 1. Nevertheless,
all three temperature profiles are quite accurate through the flame front. In
the post-tlame region, the detailed model shows a slow temperature rise, due
to the recombination of radicals. The overall reaction model, which ignores
radicals, rapidly approaches the adiabatic temperature, Consequently, the
single reaction model is somewhat (naccurate in the post-flame region.

Since we have assummed unit Lewis number in the overall reaction model,
species profiles can also be derived. Figure 5 shows the comparisons for the
ozone flame. The agreement is quite good., The errors are primarily due to
the neglect of the 0 profile, rather than the unit Lewis number assumption.
The agreement becomes better for slower flames (less 0), and not quite as good
for faster flames (more 0). For the hydrogen/air flame, the mole fractions,
as shown in Figure 6, are not in good agreement. In the detailed model, there
are large radical concentrations in the flame front. These lead to rapid
consumption of the H, and 0, through the chain branching reactions. The one
reaction model, which has a low activation energy, cannot match this. For a
slower flame (efther richer or leaner), the agreement is much better.

Figure 7 shows the major species profiles for the CHA/air flame. The
main errors in the species profiles for a CH,/air flame are due not to
radicals, which have small concentrations in all cases, but to
intermediates. The overall reaction model assumes that the only species are
CHyy 0y, cnz, and HyO. There are several intermediate species, of which Hy
and CO are the most important, and except for lean flames, the equilibrium
products include substantial amounts of H,y and CO. This causes the €0, and
H,0 profiles from the one reaction model to approach incorrect values. The
profile agreement is better for lean flames and not quite as good for rich
flames.
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Overall, the specles profiles are reasonable, considering the
simplification in the one reaction model.

VIl. FLAME SPEEDS

In this section we will consider more closely the parameters generated hy
the overall reaction fits, as well as comparing tlame speeds. In order to
discern possible patterns, many initial stoichiometries are considered for
each ot the three flames,

The parameters for a set of ozone tlames are given in Table 1. The
activation energies derived are between those of reaction 1 (22,2 kcal) and
reaction 2 (4.6 kcal). The slower and cooler the flame (that is, the smaller
the initial 05 concentration), the higher the overall activation energy. This
can be explained by studving the detailed model. For a slower flame, only
small amounts ot 0 are produced. The 0 that is created reacts almost
immediately via reaction 2. So reaction | is close to a rate limiting step,
and the overall reaction has a similar activation energy. For a fast flame,
large amounts of O are produced, which diffuses ahead of the flame. The flame
propagation is determined to a large extent by the low activation energy
reaction 2. This is reflected in the fitted values of E. Table 2 compares
the flame speeds from the detailed chemistry model (SD) and the overall
reaction model (So)‘ The percentage error in the one reaction model is
defined as 100 (S, - SD)/SH‘ The agreement in flame speeds is excellent.

Tables 3 and 4 show the corresponding results for a set of hydrogen/air
flames. Here, the overall activation energies also decrease for hotter and
taster flames, for reasons similar to those discussed for the ozone case. For
a slow flame, only small amounts of the radical species (H, OH, 0O, HO,) are
produced. The chain branching reactions (H + Oy 200 + 0 and 0 + H, 3 O0H 4+
H), which have relatively high activation energies, tend to be rate
limiting. For a fast, hot flame, large amounts of radicals are rreated. The
flame propagation is to a large extent determined by low activation energy
reactions (OH + Hy > Hy0 + W),

Results for methane/air flames are ygiven in Tables 5 and 6. As before,
the overall activation energies increase for slower flames. All of these
activation energies are relatively high, higher than for any of the reactions
in the detailed mechanism. The detailed model assumes a sequence of reactions
(CH, » CH > CH,0 » CHO » co » COZ). In fitting this by a one reaction
model, a high activation energy seems to best fit the overall rate of the
SequUence.




TABLE 1. ONE REACTION MODEL PARAMETERS FOR OZONE/OXYGEN FLAMES.*

% 04 q Ty Q PA A £
20 244 1094 710 7.326-8%%  1.44ER 15.3
25 . 248 1256 710 7.20E-8 5.10E7  12.8
50 .259 1943 709 6 .86F-8 1.3967 7.9
75 . 265 2425 689 6.7 158 P 33E7 6.5
100 .269 2702 646 b.63E~R 1.59E7 b .0

* llnits are in list of symbols
** 7,32E-8 is read as 7.32 x 107

TABLE 2. A COMPARISON OF FLAME SPEEDS FOR THE DETAILED
CHEMISTRY MODEL AND THE ONE REACTION MODEL FOR
OZONE/OXYGEN FLAMES.,

A 04 Sy Se % Error
20 33.1 34.1 3
25 61.5 64.1 4
50 241.6 253.7 )
75 391.1 409,2 9
100 496.8 517.5 4

TABLE 3. ONE REACTLION MODEL PARAMETERS FOR HYDROGEN/AIR FLAMES.

15 .297 1473 28890 6.63E-8 1.58E17 15.2
20 .319 1835 28803 6.60E-8 1.48E16 9.6
30 .367 2398 27264 6.72E-8 5.51F15 7.2
40 416 2214 28604 7.32F-8 2.06E15 6.4
50 479 1939 28827 7.65E-8 9.61E14 6.3
60 . 567 1642 28890 7.66E-8 4.B4E14 6.6
70 .703 1329 28898 7.32E-8 3.47E 14 8.3
75 803 1166 28890 7.01E-8 7.60E14  1l.b
28




TABLE 4. A COMPARISON OF FLAME SPEEDS FOR THE DETAILED CHEMISTRY
MODEL AND THE ONE REACTION MODEL FOR HYDROGEN/AIR FLAMES.

: % H, Spy S, % ERROR
! 15 33.6 32.9 -2
§ 20 100.5 89.1 -1
% 30 217.9 203.8 -7
40 280.6 270.5 -4
50 251.9 251.9 -0
60 178.0 182.4 3
: 70 82.4 84.6 3
i 75 35.5 36.3 2

TABLE 5. ONE REACTION MODEL PARAMETERS FOR METHANE/AIR FLAMES.

“CHy, <h Ty Q pA A £

6.5 . 300 1778 11960 5.72E-8 3.37E18  35.1
7.5 .308 1960 11908 5.66E-8 8.15E17 30.1
8.5 316 2121 11768 5.62E-8 5.36E17  28.1
9.5 .323 2231 11355 5.61E-8 1.01E18 29.1
10.5 2327 2202 11396 5.68E-8 9.15€17 29.0
11.5 .330 2107 10002 5.80E-8 1.86E18 131.1
12.5 334 2009 10582 5.94E-8 3.62E18 133.8
13.5 .337 1914 [oL64 6.10E-8 4.10E18 35.6

TARLE 6. A COMPARISON OF FLAME SPEEDS FOR THE DETAILED CHEMISTRY
MODEL AND THE ONE REACTION MOOEL FOR METHANE/AIR FLAMES

LM, S, s, % ERROR

6.5 16.0 18.4 G
7.5 25.3 27.7 9
8.5 13.8 4.6 2

i 9.5 39.8 8.4 -4

; 10.5 43.9 40.8 -7

{ 11.5 42.6 38.2 ~10
12.5 34.2 30.1 -12
13.5 23.5 20.6 -12
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In summary, an overall reaction model appears to be a quite accurite
representation of a wide variety of flames and stoichiometries. The
activation energies generated are relatively low compared to the range otten
assumed for overall reactions, The overall reaction normally does not
correlate with any single reaction in the detailed model, and is a tunction ot
stoichiometry as well as the detailed kinetlics.

Up to this point we have arbitrarily chosen the order VE Y (1 tor
ozone, 3 for hydrogen/air and methane/air), based on the assumed overall
reactions. Some results were computed with difterent choices tor the order
but with the ratio VF/V0 constant. The consistent result was that as the
order increases, the fitting parameters A and E also increased. However, the
accuracy of the tit was almost Independent of the order assumed.

Also, a number of three parameter fits were made, where v, A, and E were
all determined by a least squares fit, The order so dvtcrminog varied
substantially with stoichiometry. The accuracy of the three parameter tit was
only a slight improvement over the two parameter fit, and for a few cases it
was less accurate.

Thus, over a large interval, the order can be arbitrarily chosen without
aftecting the accuracy of the overall reaction tit. An Jincrease in the order
also increases the parameters A and E. Preliminary work, however, indicates
that the reaction order is not arbitrary if the same kinetics are applied to
different pressures.

VIIT. CONCLUSIONS

The aim of this work has been to explore the applicability of the overall
reaction rate concept to premixed laminar flames with complex chemistry. The
results demonstrate the ability of a single reaction formalism, having a rate
constant of simple Arrhenius form, to track the temperature, heat release, and
to some extent, specles profiles obtalned from multireaction network
calculations. A straightforward method using a least squares fitting
procedure is presented which extracts the kinetic parameters directly from the
heat release profile as a function of temperature. These global kinetic
parameters are then tested for their ability to reproduce the overall features
of the complex reaction network, thereby allowing a quantitative assessment to
be made of their utilization as a contracted representation for the
thermochemistry of a multicomponent flame. We believe our approach is the
first attempt to derive overall reaction rates systematically by using the
“complete” information obtainable from a detailed laminar flame model. This
differs significantly from previous methods which were tailored to extract
kinetic parameters from a very limited amount of experimental data.
Consequently, the results obtained from this study indicate the exact extent
to which our global reaction model {s capable of condensing a complex reaction
network to a single overall reaction.

One can organize the findings into several echelons of detail. The
first, and most detailed, involves how well a single formal reaction can mimic
the net rate of heat release (due to the multireaction network) as a function
of position In the flame. A related {ssue is the determination of the overall
reaction parameters which best represent this heat release profile. At an
intermediate level of detail a comparison can be made between the temperature
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and reactant profiles as computed by the multireaction code and those
predicted by the overall reaction. Finally, one can compare the flame speed
predicted by the overall reaction model with the multireaction code value.

The levels of decreasing detail correspond to increasing degrees of
integration over the underlying reaction processes. One might expect,
therefore, that the flame speed would be less sensitive than the temperature
profile to imperfect fidelity in the overall reaction rate profile. This
expectation is generally borne out by the results. Calculation of flame specoed
with the overall reaction is accurate for all flames to about 15% at worst and
trequently in the S% range. Accuracy of the temperature profiles computed
using the overall reaction is generally good and is limited primarily by our
requiring that the proper adiabatic temperature bhe achieved. Attainment of
this complete heat release is often considerably delayed due to slow radical
recombination in the late stages of the flame. The fidelity with which the
net heat release rate can be approximated by a single reaction varies somewhat
with the flame identity. The ozone and Hz/air representation is quite
credible over a very wide temperature range, whereas for the CHA/air the range
is rather narrow.

Another finding of this study is that the kinetic parameters of the
overall reaction do not correlate with any single reaction step of the complex
kinetics. Furthermore, the values of these parameters change with
stoichiometry. The use of a single set of kinetic parameters to represent a
number of different stoichiometries will lead to further compromises in the
thermal structure description. We have not examined this trade-off
exhaustively, but our feeling is that one would be better advised to treat the
overall reaction parameters as functions of stoichiometry.

Preliminary work suggests that the overall reaction concept retains
accuracy over a wide range of pressures and initial temperatures. The
effective values of the kinetics constants vary only slightly with changes in
the initial temperature; variation with pressure 1is slight for some flames and
large for others. These considerations will be addressed in a subsequent
paper.

We have shown that an overall reaction model can quite accurately
reproduce many of the features of a detailed chemistry model for laminar
flames, desplte the vast simplification involved. The extent to which the
overall reaction parameters determined from this problem can be applied to
other flow conditions remains an important question for future study.
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LIST OF SYMBOLS

A = lumped parameter, centimeter-gram-second units.

c;, = concentration of species j, mole—cm_J.

Cp = specific heat of the mixture, cal—g—l—K_l.

Dig = diffussion coefficient of species i in the mixture,

cmé-s™ ',

E = activation energy, kcal-mole™ !,

h; = specific enthalpy of species 1, cal—g—l.

k = rate coefficient in centimeter-mole-second units.
-2_.-1

m, = mass flux, g-cm “-s °.

My o= molecular weight of species i, g-mole_l.

p = pressure; atm.

q = heat release per unit volume, cal-em™3-s71,

1

Q = heat of reaction per unit mass of fuel, cal-g '.
R = gas constant = 1.9872E-3 kcal-mole t-k~1,
R, = gas constant = 82.05 em3-atm-mole”l-g~1L,
R; = rate of production of species i, mole~cm 3-s71.

192
il

velocity of the flame relative to the unburned mixture,
cm-s” ',

T = temperature, K.

~1

v = fluid velocity, cm-s .

x = spatial coordinate, cm.

Y; = mass fraction of specles i.

A = thermal conductivity of the mixture, cal-cm™l-g g1,
p = density of the mixture, g—cm-3.

v = stoichiometric coefficient.
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